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Abstract 
Target strength is one of the key values for sonar systems. The parameter is very useful in activities related to detection and
estimation of marine organisms, object identification and sonar calibration. The essential difference between detection and 
ranging performed in water and air results from characteristics of those media. A common feature for both water and air is the 
fact that only longitudinal wave propagates in them. Ultrasonic wave propagation velocity in air changes when the medium’s 
physical conditions alter (e.g. temperature, humidity, pressure, presence of other gases or pollution and gas medium 
heterogeneity). In water environment not all solid state objects can be assumed to be rigid and motionless – this approximation
works better in case of air. This aspect is especially vital when analyzing waves penetrating objects reflecting ultrasonic wave.
This paper presents calculation and measurement results of target strength of objects, shaped as spheres and cylinders of infinite 
and finite length, placed in air medium. The difference between the calculated and measured target strength was analyzed and 
escalation of difference in case of heterogeneous objects was pointed out. 
PACS: 43.28.Tc 
Keywords: air; objects; target strength 
1. Introduction 
Target strength is a very helpful parameter when working on detection and identifying objects in water using 
sonar systems. Various objects, characterised by various consistence can be studied in water environment. Target 
strength can also be very important in relation to objects in air, especially when it is necessary to calibrate ranging 
equipment. A common feature for both water and air media is predominantly the fact that only longitudinal wave 
propagates in them. Differences are numerous: not all objects can be assumed to be rigid in water environment; in 
air environment an object causing reflection is in most cases characterised by significant rigidity, which means that 
ultrasonic wave hardly penetrates it. Intensity of sound reflected from an obstacle depends on many factors: 
intensity of sound incident on the reflecting object, distance between the object and an echo reception point, object 
dimensions, shape and attitude. It often proves to be advisable to separate those factors and examine object 
dimensions, shape and attitude aside from other factors.  Such separation is only possible when wavefront radiuses 
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of curvature of the incident wave and the reflected wave are large enough in comparison to the reflecting object, i.e. 
when the incident wave can be treated as a plane wave.
2. Target strength
2.1. Calculation of target strength using geometric acoustics
Target strength is defined as: 
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where: Ii  is the incident wave intensity, Ir is the reflected wave intensity, pi is the incident wave pressure, pr is 
the reflected wave pressure. Transmission loss occurs during wave propagation in a medium. In order to be able to
work independently of this phenomenon it is assumed that the pressure pr (intensity Ir) of the reflected wave is 
applies to the distance of r = 1 m.
Another definition of target strength, which gives consideration to the dimensions and reflecting capabilities of a 
given object is realised as [1]: 
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where: ı is a scattering section, r1 the distance of 1 m. A surface with ı stray scattering field allows graphical
determination of the diffusive power of a given object; this surface can be larger than the object's section area. This
surface should have a field that corresponds to such an intensity of the wave scattered identically in all directions,
that is equal to the intensity of the wave reflected by a real object localised at a distance of r from the source [2]:
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where Q is a total energy flux of the waves scattered in all directions which is given by the following formula:
 (4)  : ³ drIQ rrr
2
4S
T
The object's target strength and its scattering section can alter in line with changes in location of the observed
object in relation to the incident wave.
If the object causing scattering is placed at a large r distance from the observation point, it can be treated as a
point source generating a spherical wave. Scattering functions can in such case be formulated as:
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where șr is the scatter angle. The ȟ(r) value can be treated as a characteristic of the scattering object. If the
incident wave's intensity is expressed as: 
2r
PI i   (6)
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where P - sound source power, the reflected wave's intensity can be formulated as: 
  4r
PI rr  T[  (7)
Equation (7) shows that provided the environment is ideal and the echo signal is measured in the source location, 
intensity of echo is inversely proportional to distance to the fourth power. Taking the logarithm of the formula (7) 
results in:
       rPrI r log40log10log10log10  [   (8)
For the real medium, there occurs wave attenuation caused, among others, by diffraction, absorption, scattering
(including scattering resulting from temperature gradient). By expressing the general attenuation on the path from
the source to the receiver as function 2H = 40log(r), reflected signal level as E = 10log(Ir) and source power level as
S = log(P), target strength TS = 10log(ȟ(r)) can be formulated as:
 (9)HSETS 2 
2.1.1. Target strength of a sphere and cylinder
As a result of absolute symmetry of a sphere, the intensity of echo signal reflected by it is completely
independent of the sphere's attitude. This is why it is a very convenient model of a reflecting object and is often used
in measurements. Cylindrical and spherical objects are similar in the respect that both are symmetrical (in case of
cylinders it is axial symmetry). Signal scattered by a sphere propagates in three directions, whereas signal scattered
by a cylinder in two directions. That is why wave reflected levels in a particular direction during measurement are 
different. Comparing scattering characteristics of spheres and cylinders showed that in case of cylinders, in some
situations, scattering in the direction opposite to the direction of incidence is nearly zero [7].
Sphere's target strength can be expressed by the following dependence:
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where a is the sphere's radius. Target strength of a perfectly rigid sphere, the size of which is much smaller than the
length of the incident wave, is expressed by dependence [3], [4]:
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where V is the volume of sphere. There are two cases in the theory of cylindrical objects' target strength: it is related
to objects with infinite and finite length. The length of the examined cylinder is essentially important. Depending on
the relation of wave length to cylinder size the model is used, which best reflects the examined situation. In case of 
an object with limited size the wave's point of incidence is taken into consideration. There is a difference in
reflection in the area close to the cylinder's end (in this case the shape of that end is vital) and in the middle area [6].
For a cylinder with infinite length target strength is [5]:
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for ka >> 1  and r > a, and
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for ka << 1 and r > a,
where k stands for wave number, a for radius, r for distance of the observation point from the object and Ȝ for wave
length. For a cylinder with the finite length of L, target strength can be calculated from the following dependence:
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for ka >> 1, r > L2/Ȝ where ș  is the angle between the observation direction and the line perpendicular to the
object's axis. 
2.1.2. Target strength in echo ranging in air
The essential difference between detection and ranging performed in water and air results from different physical
properties of the two environments. These differences, among others, are related to viscosity, density, specific heat,
diffusion coefficient and thermal conductivity coefficient. The most important acoustic parameters are propagation 
velocity and ultrasonic wave attenuation. Wave propagation velocity in air is related to changes in physical
conditions in the medium. Temperature changes have the strongest effect. Temperature coefficient of sound velocity
ǻc/ǻt is characterised by nonlinearity. Sound wave attenuation depends on viscosity, frequency, heat losses
resulting from thermal conductivity, relaxation processes and medium heterogeneity.
Medium heterogeneity means existence of areas characterised by various acoustic impedance. They constitute an
obstacle for propagating wave, which on incidence upon such areas can interact with a formed secondary wave.
Such a scattering takes place in various directions, depending on the size and shape of the obstacle. Existence of the
primary wave and secondary waves can lead to a change in wave intensity (interference) and wave direction
(diffraction). Medium heterogeneity can be treated as a result of deviations from the average local values of the
medium's properties. For echo ranging in air, medium heterogeneity means not only large obstacles, but also tree
leaves, for example, happening to be on the wave's path.
An obstacle affects an ultrasonic wave, which means that a forward and back-scattered wave is produced. The
former causes formation of a diffraction field and casting an acoustic shadow behind the obstacle. The wave field in
this area is a near field (Fresnel zone) and a far field (Fraunhofer zone). Field distribution in the near field is affected
by interference resulting from the difference between the phases of the waves scattered by the obstacle. In case of
the far field phase differences do not play a vital role – the wave is considered to be a divergent one.
The velocity of the reflected pulse usually differs from the form of the sending pulse, even in case of symmetrical
objects such as, for example, spheres. The sending signal is a pulse with a specific length and frequency and
constant amplitude. Echo signals usually take a form of multiplied sending pulses with modulated amplitude and 
small frequency variations. The differences in the form of both signals can result from the irregularity of the
encountered reflecting object's surface, diffraction effects or objects vibration caused by interaction with the incident
wave. Choice of adequate pulses affects the results of echo analysis. The first part of the echo comes from the
reflection from a rigid surface structure of the object, while further parts can be a result of the object's vibrations.
Let us analyse an extensive irregular surface, every part of which reflects sound in all directions. Let us assume
that the sound source, situated at a distance of r from the surface, sends pulses with Ĳ length and that the surface area
in the direction of the sound incidence is z. If sending the first wavefront of the pulse is taken as the count start, this
wavefront will reach the closest point on the surface at a time point described as z/c (c – sound velocity) and return
to the transmitter at time point equal to 2r/c. The back edge of the pulse will be sent from the transmitter after Ĳ
seconds and will accordingly reach the closest point on the reflecting object at Ĳ + r/c + z/c time point. It will return
to the transmitter at Ĳ + 2r/c + 2z/c time point. Echo length is expressed as the difference between times
corresponding to the transition of the reflected pulse wavefront from the furthest point of the object. This way the
length of the echo signal is Ĳ + 2z/c. In case of long pulses the echo's shape is similar to the sent signals, which are 
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usually rectangular. In case of short pulses fluctuation of the echo signal intensity strongly distorts the shape of the 
reflected signals, which usually consist of one or several sharp peaks, forming above the average signal level. 
2.2. Calculation results and check measurements 
Check measurements of target strength were performed in air, using ultrasonic transducers operating at 
frequencies of f = 27.3 kHz, f = 37.5 kHz and f = 62.5 kHz. The distance of the objects from the transducers was 
determined in a way that allows achieving echo signal with a satisfactory amplitude and so that the studied object is 
placed in the far zone of the transmitter at a distance equal to at least ten times its diameter. The types of the studied 
object are presented in Table 1. 
Table 2 shows ka parameter values for all objects and frequencies. 
Table 1. Objects of measurement
No. Kind of 
object Material 
Sizes 
D – diameter [mm] 
L – length [mm] 
T – thickness [mm] 
W – width [mm] 
1 Sphere Steinless steel D = 30 
2 Sphere Water filled glass D = 85 
3 Sphere Water filled glass D = 110 
4 Cylinder Plexiglass D = 14, L = 750 
5 Cylinder Plexiglass D = 8, L = 670 
6 Cylinder Brass D = 14, L = 1340 
7 Cylinder Copper D = 8, L = 1300 
8 Cylinder Aluminum D = 30, L = 490 
9 Cylinder Aluminum D = 50, L = 230 
10 Pipe Glass D = 16.5, L = 160 
11 Pipe Glass D = 16, L = 100 
12 Disc Aluminum D = 100, T = 0.5 
13 Disc Plexiglass D = 265, T = 16 
14 Plate Plexiglass D = 135, W = 115, 
T = 9 
Table 2. Values of ka parameter
No. f = 27.3 kHz f = 37.5 kHz f = 62.5 kHz 
1 7.7 10.7 17.8
2 21.9 30.4 50.4
3 28.3 39.3 65.2
4 3.6 5 8.3
5 2.1 2.9 4.7
6 3.6 5 8.3
7 2.1 2.9 4.7
8 7.7 10.7 17.8
9 12.8 17.8 29.6
10 4.2 5.9 9.8
11 4.1 5.7 9.5
12 25.8 35.7 59.3
13 68.2 94.6 157.1
14 69.5 96.4 160
Table 3 shows calculated values of target strength of spheres according to dependence (10) and of cylinders 
according to dependence (12). 
Table 4 presents target strength for cylinders with finite length calculations on the basis of dependence (14)  
The measurements were performed for a probing signal in the shape of a pulse with amplitude U = 10 V and 
length equal to 10 periods for the above presented three frequencies. Table 5 shows target strength values calculated 
on the basis of the measurements, using dependence (1). 
Table 6 presents values of differences between the calculated and measured target strength. The values in 
brackets were calculated using dependences corresponding to cylinders with finite length. 
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Table 3. Calculated values of target strength for objects shaped 
as spheres and cylinders with infinite length
Table 4. Calculated values of target strength for cylinders with 
finite length
No. 1 2 3 4 5 6
TS [dB] -42.5 -33.4 -31.2 -24.6 -27 -24.6
No. 7 8 9 10 11
TS [dB] -27 -21.2 -19 -23.9 -24
                           TS [dB] 
     f o
p No. f = 27,3 kHz f = 37,5 kHz f = 62,5 kHz 
8 -8.2 -7 -4.7
9 -12.7 -11.2 -9
10 -20.7 -19.2 -17
11 -24.8 -23.4 -21.2
Table 5. Measured target strength values
TS [dB] 
f o
p No. f = 27,3 kHz f = 37,5 kHz f = 62,5 kHz 
1 - - -25.7
2 -23.1 -19.4 -22.8
3 -29 -21.6 -18.3
4 -24.8 -29.7 -22.3
5 -29.1 -28 -24
6 -25.5 -25.3 -24.1
7 -28.8 -27.8 -26.1
8 -19.5 -20.9 -23.3
9 -18 -20.6 -18.9
10 -24.6 -26 -29.3
11 -21.9 -24.9 -25.9
12 -3.6 -9 -
13 -5.3 -6.9 -
14 -8.5 -9.4 -
Table 6. A list of calculated values TSc, measured values TSm and differences between them (ǻ = TSc – TSm)
f = 27.3 kHz f = 37.5 kHz f = 62.5 kHz 
        TS o
p No. TS0 [dB] TSzm [dB] ǻ [dB] TS0 [dB] TSzm [dB] ǻ [dB] TS0 [dB] TSzm [dB] ǻ [dB] 
1 -42.5 - - -42.5 - - -42.5 -25.7 -16.8
2 -33.4 -23.1 -10.3 -33.4 -19.4 -14 -33.4 -22,8 -10.6
3 -31.2 -29 -2.2 -31.2 -21,6 -9.6 -31.2 -18.3 -12.9
4 -24.6 -24.8 0.2 -24.6 -29.7 5.1 -24.6 -22.3 -2.3
5 -27 -29.1 2.1 -27 -28 1 -27 -24 -3
6 -24.6 -25.5 0.9 -24.6 -25.3 0.7 -24.6 -24.1 -0.5
7 -27 -28.8 1.8 -27 -27.8 0.8 -27 -26.1 -0.9
8 -21.2 -19.5 -1.7 -21.2 -20.9 -0.3 -21.2 -23.3 2.1
9 -19 -18 -1 -19 -20.6 1.6 -19 -18.9 -0.1
10
-23.9
(-20.7)
-24.6
0.7
(3.9)
-23.9
(-19.2)
-26
2.1
(6.8)
-23.9
(-17)
-29.3
5.4
(12.3)
11
-24
(-24.8)
-21.9
-2.1
(-2.9)
-24
(-23.4)
-24.9
0.9
(1.5)
-24
(-21.2)
-25.9
1.9
(4.7)
3. Conclusion 
The measurements of the cylinders' target strength provided results that are similar to the calculated values. When 
comparing target strength of objects with the same diameter but made of different materials (pos. 4 and 6, pos. 5 and 
7 in Table 1)  it is possible to notice some divergences confirming the differences in reflection coefficients on the air 
214 T. Gudra et al. / Physics Procedia 3 (2010) 209–215
Tadeusz Gudra, Krzysztof J. OpieliĔski, Jakub Jankowski / Physics Procedia 00 (2010) 000–000 
– studied object border for various materials. In case of spheres and cylinders treated as having infinite length target 
strength value increases together with the increase of frequency. 
Analysis of the achieved results leads to conclusion that the measured target strength value of objects made from 
a homogeneous material differs slightly from the calculated values. Those differences are larger for heterogeneous 
objects and for that reason it is necessary to perform a more detailed analysis of more sophisticated objects' target 
strength. This should broaden the knowledge in the area of target strength theory in ranging. Identifying objects 
using ultrasonic waves propagating in air will allow better use of those wave in such applications, for example, as 
devices for the sightless. 
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